At birth many changes must occur to permit the kidney to assume control of water and electrolyte balance. Among these changes, rapid rise in renal blood flow and GFR (I) and important decline in sodium excretion (2, 3) have been described as contributing to the renal adaptation to postnatal life.
However, controversies still exist regarding the time sequence of each of these changes. The temporal relation between changes in renal hemodynamics and renal function during early transition from fetal to newborn life, as well as factors that modulate these changes have not been studied in detail. Furthermore, the specific contributions of various hormonal mediators to this process are not yet fully understood. However, key roles have been postulated for catecholamines, vasopressin, and the reninangiotensin-aldosterone system (4) (5) (6) (7) .
The present studies were designed to assess the effects of delivery on renal function at birth and to determine the relation between changes in renal hemodynamics, renal function, and circulatory vasoactive hormones. Conscious and chronically instrumented fetal sheep were studied sequentially before and immediately following delivery by cesarean section. from fetal to newborn life is associated with a rapid rise in glomerular filtration rate and an important decrease in METHODS urinary sodium excretion and fractional excretion of so~~i~~l~~ and surgica~procedures. ~h~ fetuses of 12 dium. These changes seem to be independent of changes in pregnant sheep of Dorset and Suffolk mixed breeding were renal blood flow velocity, renal vascular resistance, and studied just before birth (142-145 days gestation, term was 145 blood pressure. (Pediatr Res 21: 229-234, 1987) days) and immediately after delivery by cesarean section. Gestational ages were based on the induced ovulation technique as Abbreviations described vreviouslv (8) .
RBFV, renal blood flow velocity RVR, renal vascular resistance GFR, glomerular filtration rate Cosm, osmolar clearance CH20, free water clearance PRA, plasma renin activity A-11, angiotensin I1 AVP, arginine vasopressin Uosm, urine osmolality Prior t6surgery, ilk animals were fasted for 48 h. Anesthesia of the ewe and surgery of the fetus were performed as described previously (9) . Briefly, the pregnant ewe was anesthetized using a mixture of 1% halothane, 33% 0 2 , and 66% NzO. The uterus was opened, and vascular polyethylene catheters (ID 0.86 mm, OD 1.27 mm), previously impregnated with dimethylpolysiloxane (Acumetric, Elizabethtown, CT) to reduce clotting, were inserted in both femoral veins and femoral arteries and positioned below the renal veins and arteries. A catheter was also secured in the amniotic cavity for intrauterine pressure measurements. Urine was collected via a catheter (3:5 French feeding
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membranes, uterine cavity, and maternal abdominal wall were closed in separate layers. All catheters were exteriorized through a subcutaneous tunnel and placed in a cloth pouch on the ewe's flank, after which the abdominal skin of the ewe was closed. At the end of surgery, ampicillin (1 g) was administered directly to the ewe and into the amniotic cavity. Following surgery, the ewes were kept in a restricted area and fed a standard diet. The animals were usually standing and eating within 1 h after surgery. A recovery period of 72 h was allowed prior to performing experiments. Dexamethasone (5 mg) was given intramuscularly 12 h before starting the experiment to prevent respiratory distress following delivery by cesarean section.
Before of each experiment, fetal weight was estimated according to the following formula: fetal body wt (kg) = [0.096 x gestational age (days)] -9.223; ( r = 0.85, p < 0.001) (9) .
Physiological studies. During the physiological studies, the ewe was transferred into a small cart that permitted it to stand in an upright position. Each fetus studied received a priming dose of 10 pCi of [14C]-inulin in 5% dextrose solution followed by a continuous intravenous infusion (5 &i/h) administered at a rate of 0.1 ml/min for determination of GFR as previously described (9) . Following the start of the [14C]-inulin infusion, an equilibration period of 1 h was allowed. After the equilibration period, a 30-min fetal urine collection period was performed.
Following the fetal urine collection period, the ewe was brought back to the surgery room and the fetus was delivered by cesarean section performed under spinal-epidural anesthesia using 10 ml of 1% lidocaine. After delivery of the fetal lamb, the ewe was killed with a lethal dose of pentobarbital sodium (Somlethal, Midtech, Elwood, KS). During delivery, the intravenous infusion of [I4C]-inulin was continued and special care taken to keep all catheters and the Doppler flow probe intact.
Immediately following delivery the newborn lamb was placed under a standard overhead infant radiant warmer to keep body temperature between 38 and 39" C, intubated orally and dried. Blood pressure, heart rate, renal blood flow velocity, and body temperature were monitored continuously during this recovery period. The newborn lamb was extubated in the first 20 min following delivery, weighed, and placed in a specially designed harness to be supported in a standing posture. In all lambs studied, experiments could be resumed 1 h postnatally. During the postnatal period, a continuous infusion of dextrose 10% and sodium chloride 0.2% solution containing 30 mEq KC1 per liter was administered intravenously at a rate of 100 ml/kg per 24 h. Thirty-minute urine collection periods were done at 1,4, and 24 h postnatally.
During each urine collection period, urine was collected from the bladder for determination of urinary electrolytes (Na, K), Uosm, and urinary concentration of [14C]-inulin. At the midpoint of each urine collection period, arterial blood was obtained for determination of plasma electrolyte concentrations (Na, K), plasma osmolality, arterial blood gases (pCO2 and pO2), arterial pH, and plasma concentration of [14C]-inulin. Blood for plasma AVP, PRA, A-11, plasma aldosterone, and plasma catecholamines (norepinephrine and epinephrine) concentrations was also collected during each period. To avoid any hemodynamic effect of sampling, fetal blood samples were replaced by infusing into the fetal arterial catheter an equal amount of maternal blood. In newborn lambs, blood samples were replaced with blood harvested from the fetal side of the placental circulation after the umbilical cord was cut, using the technique used in the fetus.
During each experiment, arterial, venous, and amniotic pressures (in fetuses) were recorded continuously using Statham P23Db pressure transducers (Statham Instruments, Schiller Park, IL). Fetal arterial and venous pressures were corrected relative to concomitant amniotic pressures. Heart rate was monitored with a cardiotachometer triggered from arterial pressure pulse waves.
Changes in RBF velocity was monitored continuously using the ultrasonic pulsed doppler flowmeter modified from the original design of Hartley and Cole (10) Analytical procedures. Arterial blood for pH, pC02, and p 0 2 was collected anaerobically in heparinized glass syringes and measurements were immediately determined with the appropriate pH, pCO2, and p02 electrodes at 39" C using a Radiometer PHM 72 MK2 acid-base analyzer (Radiometer Co., Copenhagen, Denmark). Plasma electrolytes (Na, K), plasma osmolality, and concentrations of [I4C]-inulin in plasma and urine were determined as previously described (9) . Radioimmunoassays previously established in our laboratories were used to measure PRA (13), plasma AVP (9, 14) , angiotensin I1 (15), and aldosterone (16) . Plasma norepinephrine and epinephrine concentrations were determined using a radioenzymatic assay (Cat-a-Kit, UpJohn Diagnostics, Kalamazoo, MI) described previously by Passon and Peuler (1 7).
Computations and data analysis. Percent changes (%) in RBF velocity (%ARBF) and renal vascular resistance (%ARVR), using the Doppler flow probe, were calculated using the following formulas:
where EDS is the Doppler shift (KHz) determined postnatally (experimental period); BDS is the Doppler shift (KHz) during fetal life (baseline period); RVR is expressed arbitrarily in mm Hg/KHz; PP is the renal perfusion pressure estimated to be equal to the mean aortic pressure (mm Hg) minus the mean vena cava pressure (mm Hg); DS is the Doppler shift in KHz; and RVRE and RVRB are the RVR during experimental and baseline period, respectively.
Cosm was determined as follows: Cosm (ml/min) = (Uosm. V)/Posm, in which Uosm and Posm represent urine and plasma osmolality in mOsmol/kg H 2 0 and V, the urinary flow rate in ml/min. The solute C H 2 0 was calculated as the difference between the urinary flow rate and the osmolar clearance: CHIO = V-Cosm.
Distribution-free multiple comparisons based on Friedman rank sums were used to compare all treatment groups (18) . Values are expressed as means f SE. 1 and 2, Fig. I ). The effects of delivery on arterial blood values are presented in Table 1 . It is shown that, 1 h following delivery, arterial pH was significantly lower than during fetal life. This level of metabolic acidosis was usually corrected by 4 h of postnatal age. The correction of the metabolic acidosis corresponded with a significant rise in arterial p 0 2 when compared to fetal values. Interestingly no significant changes in arterial pCO2 were observed. The transition from fetal to newborn life was not accompanied by significant changes in plasma electrolytes (Na, K), plasma osmolality, hematocrit, and plasma total protein concentration when newborn values were compared to fetal values.
RESULTS

Effects of delivery on arterial blood values and circulating vasoactive substances (Tables
The effects of delivery on the renin-angiotensin-aldosterone system and on plasma arginine vasopressin concentration are presented in of postnatal life. However, these changes were not found to be statistically significant, except when PRA values in newborn lambs at 4 h of age were compared to fetal values. No significant increases in plasma aldosterone and plasma AVP concentrations were observed when newborn levels were compared to fetal values.
On the other hand, the transition from fetal to newborn life was accompanied by significant increases in plasma catecholamine ( Fig. 1) concentrations. Both epinephrine and norepinephrine concentrations were significantly higher than fetal values at 1 h after birth. These levels tended to decrease thereafter, but remained elevated during the first 24 h after birth.
Effects of delivery on arterial blood pressure, heart rate, and renal hemodynamics (Fig. 2) . The transition period from fetal to newborn life was not associated with significant changes in mean arterial blood pressure but was accompanied by a significant rise in heart rate in newborn lambs at I h of age. No significant changes in RBFV or in RVR were observed during the transition from fetal to newborn life. Changes in newborn RBFV and RVR, when compared to fetal values, were respectively 15.4 + 1 1 and -2.4+ 1.0% at 1 h, 4 . 0 k 8.0 and5.8 + 9 . l % a t 4 h, and3.2 + 8.0 and 9.7 + 13% at 24 h, and were found to not be statistically significant. 3, Fig. 3) .
Effects of delivery on renal function values (Table
No significant changes in urinary flow rate, Uosm, CH20, and Cosm were observed during the transition from fetal to newborn life (Table 3) . On the other hand, the GFR increased 3-fold during the first 24 h following delivery, from 3.3 + 0.4 ml/min in fetuses to 10.1 & 1.2 ml/min in newborn lambs at 24 h of age (Table 3 and Fig. 3 ). Significant decreases in UN,V and FEN, were also observed following delivery (Table 3 and Fig. 3) . UN,V and FEN, decreased respectively from 36 + 7 pEq/min and 7.6 + 0.9% in fetuses to 13 + 3 pEq/min and 1.1 + 0.3% in 24-hold newborn lambs. No significant changes in UKV and FEK were observed during the first 24 h following birth (Table 3) .
DISCUSSION
Renin, angiotensin, vasopressin, and catecholamines during transition from fetal to newborn Ige.
It has been suggested that the renin-angiotensin system and circulating catecholamines and vasopressin may play an important role during postnatal adaptation (19) . Studies in newborn infants (20) (21) (22) and newborn animals (4, 6, 23) have shown that PRA, plasma A-11, plasma AVP, and plasma catecholamine concentrations increase following vaginal delivery. In the present study, a small but significant rise in PRA is observed 4 h postnatally when compared to fetal values. On the other hand, despite a trend toward increases in plasma A-I1 levels after birth, no significant changes are observed. Similarly, no increases in plasma AVP concentration are demonstrated when newborn values are compared to fetal values. The fact that fetuses were delivered by cesarean section before induction of labor and that the first blood sample was taken 1 h after birth may explain the small rise in PRA and the absence of significant increases in plasma A-I1 and plasma AVP concentra- tions in the present study. Supporting the present results, previous studies (6, 7, 21, 24) have shown that PRA as well as plasma A-I1 and plasma AVP concentrations are lower in infants delivered by cesarean section than vaginally.
Blood
The present study also demonstrates, in agreement with previous results (4) , that transition from fetal to newborn life is accompanied by a significant rise in plasma epinephrine and norepinephrine concentrations. Factors contributing to this rise were not investigated. However, it has been suggested that mechanical stress during labor, fetal hypoxemia, cord cutting, and cold exposure contribute to the rise in circulating catecholamines at birth (20, 25, 26) . Moreover, one may speculate that these levels could have been higher if fetuses had been allowed to delivery vaginally.
Renal hemodynamics and GFR during the transitionfvom fital to newborn lye. The present study demonstrates that transition from fetal to newborn life is characterized by a significant increase in GFR not associated with significant changes in RBFV. Factors contributing to this increase in GFR have not been studied in detail. However, since no significant rise in arterial blood pressure is observed during the first 24 h of postnatal life, it seems unlikely that changes in renal perfusion pressure contribute to this rise in GFR. On the other hand, one may suggest that the increase in GFR at the time of birth may be dependent on intrarenal redistribution of blood flow resulting in a rise in glomerular plasma flow in nephrons localized in the outer cortex. In favor of this hypothesis, Aperia et al. (27) demonstrated that, while no significant differences in total renal blood flow were observed between fetal and newborn lambs immediately after cord clamping, intrarenal blood flow distribution to superficial glomeruli increases at birth in absolute terms (nl/min) and in relation to blood flow to the juxtamedullary glomeruli. Moreover, it has been suggested that the rate of glomerular plasma flow is the primary factor controlling GFR in immature animals (28, 29) . One may also speculate that the low arterial pOz before birth might contribute to the relatively low outer cortical perfusion in fetal sheep, since low p01 in adult animals has been shown to result in redistribution of blood flow toward the inner cortex (30).
It has been suggested that the changes in intrarenal hemodynamics which may modulate the increase in GFR observed postnatally might be dependent on changes in vasoactive substances observed at the time of birth (1) . In this respect, the renin-angiotensin system which is highly stimulated during early postnatal life when compared to adult values (3 1) may influence renal hemodynamics and GFR during the postnatal period. However, the absence of significant changes in plasma A-I1 concentrations in the present study is against a role for the reninangiotensin system to influence changes in renal hemodynamics and renal function during the transition from fetal to newborn life. In this respect, the present findings confirm previous results suggesting that the renin-angiotensin system plays a minor role in controlling GFR in newborn animals (32, 33) .
On the other hand, the rise in GFR observed during the first 24 h of postnatal life follows closely the decline in plasma epinephrine and norepinephrine concentrations, suggesting that catecholamines may influence GFR during the transition from fetal to newborn life. However, previous studies in adult animals indicate that norepinephrine causes afferent and efferent arteriolar vasoconstriction thereby causing an increase in the transmembrane hydraulic pressure difference and a fall in glomerular plasma flow, two offsetting events that should leave GFR unchanged (34) . Based on these studies and on the fact that RBF velocity does not change immediately after birth, it would be unlikely that the changes observed in plasma catecholamines during the transition from fetal to newborn life influence GFR postnatally.
Finally, prenatal administration of dexamethasone to the ewe to prevent respiratory distress in newborn animals could have influenced the changes observed in glomerular filtration rate postnatally. Stonestreet et al. (35) have suggested that fetal administration of glucocorticoid stimulates functional maturation of the kidney and increases GFR in newborn lambs. On the other hand, MacKintosh et al. (36) observed that prenatal ad-ministration of glucocorticoids in humans was not associated with significant changes in GFR postnatally.
Urinary sodium excretion during transition from fetal to newborn life. The present study demonstrates that transition from fetal to newborn life is associated with a rapid increase in renal tubular sodium reabsorption. This rapid rise in sodium reabsorption occurs almost immediately after birth and is not associated with significant changes in plasma aldosterone concentrations. Moreover, the decline in sodium excretion happens despite a significant rise in GFR, which should create a tendency toward sodium loss.
Factors that could modulate these changes have not been studied in detail. However, one may speculate that first, the rapid decline in sodium excretion at birth may be related to cessation of abundant placental supplies of water and electrolytes and secondary contraction of the extracellular fluid volume. In favor of this hypothesis, we have previously demonstrated that contraction of extracellular fluid volume produces a significant rise in sodium reabsorption in fetal sheep (37) . Thus, one may speculate fhat the loss of the high fetal extracellular fluid volume immediately after birth may be a major determinant of the increase in sodium reabsorption by the newborn kidney. Second, since plasma aldosterone concentration does not change significantly after birth, it seems unlikely that aldosterone plays an important role in the substantial fall in the fractional excretion of sodium observed during the transition from fetal to newborn life. In favor of this hypothesis it has been demonstrated that newborn rats (1 wk old) are somewhat insensitive to aldosterone when compared to more mature animals (2 and 4 wk old) (38) . On the other hand, the present results are somewhat different than previous studies (5) which suggest that aldosterone plays an important role in the retention of sodium during infancy. Third, one may suggest that the rise in arterial O2 content and renal oxygen delivery associated with postnatal life increases the renal energy available for sodium reabsorption and the ability of the newborn kidney to reabsorb sodium. Studies by Iwamoto et al. (39) have shown that oxygen delivered to the newborn sheep kidney is about five to seven times that to the fetal kidney and that there is a relationship between the amount of Na+ reabsorbed and renal O2 delivery and O2 consumption, confirming previous results in newborn rats (40) . Finally, rapid increase in Na-KATPase in proximal tubular cells immediately after birth may contribute to the increase in Na+ reabsorption during the transition from fetal to newborn life (41). Moreover, administration of dexamethasone to the ewe to prevent respiratory distress in the newborn lamb could have stimulated the activity of Na-KATPase (42). On the other hand, it has been suggested that changes in Na-K-ATPase activity result from an increase in intracellular Na+ concentration and therefore follow the maturation of transport process (43).
In summary, the present study demonstrates 1) that PRA, plasma A-11, plasma aldosterone, and plasma AVP concentrations are not significantly elevated 1 h after delivery by cesarean section when compared to fetal values; 2) that significant increases in plasma norepinephrine and epinephrine concentrations are observed during the first 24 h after delivery; 3) that transition from fetal to newborn life is characterized by a significant increase in GFR not associated with significant changes in RBFV and RVF; and, 4) that a rapid rise in sodium reabsorption occurs almost immediately after birth and is not associated with significant changes in plasma aldosterone concentration.
